Shigellosis is a major health problem, resulting in high rates of morbidity and mortality in Bangladesh (10, 18) ; it is responsible for the highest mortality rate of all of the diarrheal illnesses among hospitalized patients (19) . Epidemiological studies of shigellosis in Bangladesh have shown that surface water sources, e.g., ponds, lakes, wells, and rivers, can act as sources of infection (19) . In the United States, outbreaks of shigellosis have also been attributed to swimming in contaminated water (27) .
Colwell et al. (4) observed that when Shigella sonnei was exposed to laboratory microcosms consisting of Chesapeake Bay water, it became nonculturable but remained viable after 21 days. They detected the organisms in this state by fluorescent-antibody methods. Thus, the potential public health hazard presented by such Shigella species existing in the nonculturable state may be significant, because it has been found that human volunteers developed clinical symptoms after ingestion of nonculturable cells of Vibrio cholerae which were also subsequently isolated in culturable form from the stools of volunteers (5) . Moreover, it has recently been shown that nonculturable bacteria can be resuscitated to a culturable state (24) . However, one difficulty in elucidating the potential hazard of viable but nonculturable pathogenic bacteria is the inability to detect such cells in the natural environment by employing routine bacteriological methods. Furthermore, any detection method that is employed must be capable of detecting low numbers of shigellae against a large background of other cells and of organic material which may be present in the sample. One method for detecting such nonculturable bacteria is the polymerase chain reaction (PCR). This technique allows a specific segment of the DNA to be amplified by a factor of 106 or more within hours (29) Preparation and inoculation of suspending fluid and storage of flasks. In 500-ml conical glass flasks (Pyrex), 100 ml each of autoclaved pond (Institute of Public Health, Mohakhali, Dhaka, Bangladesh), lake (Dhanmandi Lake, Dhaka), Tongi River, and drain water samples (Paramedical Institute, Dhaka) was taken. Then, a measured inoculum of about 105 S. dysentenae 1 organisms per ml was added and mixed. The flasks were then stored at room temperature (25°C).
Sampling timetable and counting procedure. Culturable cells were counted at 0, 1, 2, 4, 8, and 24 h and then at different days until the bacteria were no longer culturable. The counting of any suspension was discontinued after failure to recover S. dysenteniae type 1 from two consecutive samplings. For each time, a 0.1-ml sample from each flask was taken and 10-fold dilutions were prepared in phosphatebuffered saline (PBS); then, 25 ,ul from different dilutions was plated on MA according to the drop plate technique (8) . Bacterial counts were expressed as CFU per milliliter. When no culturable cells were found after two consecutive samplings from a 10-1 dilution, 0.1 ml of water was taken from the microcosm and plated onto MA. When the number of culturable cells became less than 10 CFU per ml, 1.0 ml of water was removed from each microcosm and centrifuged at 15,000 x g for 5 min in a Microfuge (model 5415C; Eppendorf, Gosheim, Germany). The pellet was plated on MA and incubated at 37°C for 72 h. This was done to increase the detection limit to 1.0 CFU per ml.
DNA preparation. mixture was incubated at room temperature for 4 h in the dark. The reaction was terminated by washing the filters with distilled water. Fluorescent microscopy. One milliliter of water was removed from each microcosm and centrifuged at 15,000 x g rpm for 5 min. Then, the pellet was resuspended in 25 ,ul of water taken from the same microcosm. A 5-pA volume of this suspension was placed on polytetrafluoroethylene-coated well glass slides. The slides were air dried and flame fixed. Then, 1 drop (20 pA) of 1:10 S. dysenteriae type 1 polyclonal antiserum (Wellcome) was added to the wells, and the mixture was incubated at 37°C for 30 min in a moist incubation chamber. After incubation, the slides were rinsed in distilled water, gently blotted, and air dried. Fluorescein isothiocyanate-conjugated anti-rabbit goat serum (20 pA) diluted in PBS (1:80) was added to the wells and incubated for 30 min at 37°C. The slides were then washed, dried, and mounted under a coverslip with buffered glycerol (pH 8.9). Finally, the slides were examined under an epifluorescence microscope (model BH-2; Olympus). S. dysenteriae 1 14444 (culturable) was used as a positive control. We also included different Shigella species, e.g., S. flexneri, S. boydii, S. sonnei and other enteric bacteria, such as Escherichia coli, Klebsiella species, and Enterobacter species, which have shown negative reactions with S. dysentenae 1 antiserum.
Viability testing. Viability testing of nonculturable S. dysenteniae 1 was carried out according to the procedure described by Kogure et al. (20) . In brief, nonculturable cells are added to the solution containing yeast extract (0.025%) as a nutrient supplement and nalidixic acid (0.002%) as an antibiotic which inhibits cross wall formation upon cell division by inhibiting DNA gyrase and terminating DNA polymerization (35) . Hence, viable cells will start growing but will not be able to divide. Upon staining with acridine Figure 1 shows the culturability of S. dysenteriae 1 in different types of water as revealed by viable counting on MA. On MA plates, the counts of drain water were always higher than those of other sources from day 1. The second highest count was for lake water. Most of the time, the lowest count was observed for river water. For pond water, most of the time, the count was higher than that for river water but lower than those for lake and drain water samples. The longest survival observed was for drain water (up to 19 days), and the shortest was for river water (up to 13 days).
RESULTS
The DNAs isolated from the nonculturable state of S. dysenteriae 1 14444 obtained from microcosms after 3 weeks of survival study were subjected to PCR, and the products were analyzed by agarose gel electrophoresis ( Fig. 2A) . The DNAs were transferred to nylon membranes and were hybridized against the ipaH probe. The four water samples collected from drain, pond, lake, and river microcosms containing nonculturable S. dysentenae 1 generated the expected 700-bp fragment of the H locus which hybridized to the ipaH probe (Fig. 2B) . The water samples from the microcosms were examined by fluorescence microscopy 3 weeks after the end of the survival study, when the bacteria were nonculturable. It was found that S. dysenteriae 1 was still present in the microcosms (Fig. 3A) . Figure 3B shows the culturable S. dysenteriae 1 14444 which was used as a positive control.
Three weeks after the end of the survival study, viable cells of S. dysenteriae 1 were observed under UV light according to the procedures described by Kogure et al. (20) .
DISCUSSION
In the present study, S. dysenteriae 1 was shown to enter a viable but nonculturable state 2 to 3 weeks after inoculation into laboratory microcosms. This state, which may be a survival stage, is an example of the so-called death phase of the growth stages of a microorganism. The death phase was Lanes: 1, S. flexneri M9OT used as positive control (culturable); 2, negative control without template; 3 through 6, nonculturable S. dysenteriae 1 detected from drain, pond, lake, and river water microcosms, respectively, 6 weeks after inoculation. reevaluated recently after methods to assess the viability of these nonculturable cells, including direct viable counting (20) and microautoradiography (9), had been developed. The nonculturable stage in the life cycle of a bacterium appears to be a strategy for survival when the organism is exposed to conditions that are less than optimal for cell growth and division.
Studies have shown that V. cholerae, Campylobacter species, and shigellae (nonculturable) fail to grow in conventional cultural media but remain viable when exposed to laboratory microcosms (4, 14, 16) . It is therefore important that methods to detect such cells be developed. Moreover, a technique to detect small numbers of cells is essential, since many bacteria are present in the natural environment only at low cell densities (1, (11) (12) (13) . Such detection is especially important for bacteria such as shigellae which can produce disease with as few as 10 organisms (22) . The PCR technique seems ideally suited for this goal, since this method potentially allows amplification of the DNA obtained from as few as one cell (31) . It is therefore essential that the portion of DNA to be amplified by this technique be unique to the species of bacterium under investigation. The invasion plasmid antigen gene (ipaH) of shigellae has previously been cloned (2) and sequenced (7), and this gene has been shown to be unique to shigellae and enteroinvasive E. coli (34) . Studies to detect lower numbers of shigellae from clinical and environmental samples with ial probes have been conducted elsewhere (6) . DNA probes against the large invasive plasmid of enteroinvasive bacteria have been targeted (30, 32, 36) . However, the plasmid is known to be unstable after long storage in culture collection (3) , and the plasmid can be easily lost after overnight culture under nonselective or competitive conditions (21) . Use of the ipaH probe facilitated overcoming this problem, because this gene is present in more than one copy on both the invasion plasmid and the chromosome (33) .
There is circumstantial evidence suggesting that S. dysenteriae 1 survives for extended periods in natural aquatic environments after deposition by humans attributable to indiscriminate defecation in countries like Bangladesh, because water sources have been implicated in the outbreaks of shigellosis (25) . This has led us to explore the viable but nonculturable form of S. dysenteriae, since it has been shown to occur in V. cholerae, Salmonella ententidis, enteropathogenic E. coli, and other waterborne pathogens (4, 28, 37) .
In the present study, the persistence of S. dysenteriae cells in laboratory microcosms has been observed by fluorescence microscopy for up to 6 weeks, despite the fact that at 6 weeks the cells cannot be cultured with solid medium. The results with direct viable counting showed that these nonculturable cells retained viability, as shown for V. cholerae, Campylobacter species, and related enteric waterborne pathogens (4, 26) . Thus, nonculturability of S. dysenteniae 1 on growth medium cannot be equated with nonviability.
By extrapolating from these findings to the natural environment, it is concluded that the present methods of detecting viability by conventional cultural techniques are inadequate. This hypothesis is corroborated by outbreaks of shigellosis in which no organism can be isolated from the suspected transmission vehicles by conventional cultural techniques (25) . However, the PCR and the fluorescentantibody methods provide the opportunity of detecting these viable but nonculturable S. dysenteriae cells even if they are present in very low numbers.
The viable but nonculturable stage reported here for S. dysenteriae 1 is significant for understanding the epidemiology of shigellosis. If these viable but nonculturable cells are ingested by humans, they may cause disease, as has been shown for V. cholerae in volunteer studies in which nonculturable bacteria caused disease in volunteers by reversion to culturable form (5) . People in developing countries such as Bangladesh extensively use waters from various surfacewater sources, e.g., ponds, lakes, and rivers, etc. for various purposes, including drinking. Therefore, the nonculturable state of shigellae may pose health problems. The results of this study, therefore, demonstrated the significance of the survival of viable but nonculturable S. dysenteriae 1 in surface waters, which is important from a public-health point of view.
